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Dynamics of Protein Damage in Yeast Frataxin
Mutant Exposed to Oxidative Stress
Jin-Hee Kim,1,2 Miroslav Sedlak,3,4 Qiang Gao,2 Catherine P. Riley,1 Fred E. Regnier,1,2 and Jiri Adamec1
Abstract
Oxidative stress and protein carbonylation is implicated in aging and various diseases such as neurodegener-
ative disorders, diabetes, and cancer. Therefore, the accurate identification and quantification of protein car-
bonylation may lead to the discovery of new biomarkers. We have developed a new method that combines
avidin affinity selection of carbonylated proteins with iTRAQ labeling and LC fractionation of intact proteins.
This simple LC-based workflow is an effective technique to reduce sample complexity, minimize technical
variation, and enable simultaneous quantification of four samples. This method was used to determine protein
oxidation in an iron accumulating mutant of Saccharomyces cerevisiae exposed to oxidative stress. Overall, 31
proteins were identified with 99% peptide confidence, and of those, 27 proteins were quantified. Most of the
identified proteins were associated with energy metabolism (32.3%), and cellular defense, transport, and folding
(38.7%), suggesting a drop in energy production and reducing power of the cells due to the damage of glycolytic
enzymes and decrease in activity of enzymes involved in protein protection and regeneration. In addition, the
oxidation sites of seven proteins were identified and their estimated position also indicated a potential impact on
the enzymatic activities. Predicted 3D structures of peroxiredoxin (TSA1) and thioredoxin II (TRX2) revealed
close proximity of all oxidized amino acid residues to the protein active sites.
Introduction
Oxidative stress (OS) is defined as an imbalance be-tween processes producing reactive oxygen species
(ROS) and antioxidant cascades, which removes and prevents
the formation of ROS. Superoxide anions (O2
), hydroxyl
radicals (OH) and hydrogen peroxide in the presence of
transition metal ions are well-known ROS that cause cellular
damage ( Jamieson, 1998; Sayre et al., 2008; Sies, 1997) through
chemical modifications of specific biomolecules, particularly
lipids and proteins. Direct protein oxidation results in the
formation of carbonyl groups (aldehydes and ketones) on
specific amino acids such as Arg (glutamic semialdehyde),
Lys (2-aminoadipic semialdehyde), Pro (glutamic semi-
aldehyde), and Thr (2-amino-3-ketobutyric acid) (Levine and
Stadtman, 2001), leading to irreversible and irreparable pro-
tein damage (Nystrom, 2005). Protein carbonylation is asso-
ciated with age-related disorders and diseases such as
Parkinson’s (Berg et al., 2001), Alzheimer’s (Aliev et al., 2002),
diabetes (Maritim et al., 2003) and cancer (Akman, 2003; Sayre
et al., 2008; Sies, 1997). In addition, specific sets of proteins
appear to be prone to carbonylation in starvation, aging, or
disease states (Cabiscol et al., 2000; Levine, 2002; Tamarit et al.,
1998). Therefore, the accurate identification and quantifica-
tion of protein carbonylation is of great interest, as it may lead
to the discovery of new predictive and diagnostic biomarkers.
Traditional techniques for determination of carbonylated
proteins include derivatization with 2,4-dinitrophenylhy-
drazine (DNP) (England and Cotter, 2004; Korolainen et al.,
2002; Kristensen et al., 2004; Talent et al., 1998) or with biotin–
hydrazide (Yoo and Regnier, 2004) followed by gel-based
protein separation and affinity staining by avidin–FITC.
Recently, various methods based on the enrichment of biotin–
hydrazide labeled proteins with avidin or streptavidin
affinity chromatography, and their identification using na-
noLC-MS/MS have been published (Mirzaei and Regnier,
2005; Soreghan et al., 2003; Thomas et al., 2005). Although
promising, the methods only provide semiquantitative data
due to the ion suppression effect that occurs during LC-ESI-
MS analysis. To overcome this challenge and increase the
accuracy and reproducibility of LC-ESI-MS-based techniques,
numerous stable-isotope labeling strategies have been devel-
oped, most of which target the primary amines generated by
tryptic digestion of the proteins. To eliminate a potential in-
consistency in proteolysis, several approaches of intact pro-
tein labeling have been reported. For example, isotope-coded
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protein labeling (ICPL) is a strategy based on coding lysine
side chains and a-amino groups where primary amine coding
is achieved using d0/d4 isotopomers of N-hydroxyl succini-
mide activated nicotinic acid (Schmidt et al., 2005). The ICPL
includes protein labeling and 1D- or 2D-gel separation fol-
lowed by trypsin digestion and LC-MS/MS analysis (Schmidt
et al., 2005). This method was evaluated and validated using
an Escherichia coli proteome spiked with five standard pro-
teins. The standard proteins were quantified with an average
SD of 8.3% and average error of 4.6%. Unfortunately, al-
though this labeling reagent showed high accuracy and re-
producibility, the quantification is achieved through the first
dimension of MS/MS (scan mode), and it may prove to be
challenging for complex samples. In recent years, commer-
cially available iTRAQ reagents have become widely used in
proteomics research. These reagents are global amine reactive
tags that label the N-terminal and lysine residues of peptides
(Regnier and Julka, 2006; Ross et al., 2004). The reproduc-
ibility, variation, and accuracy of multiplexed protein quan-
tification through peptide derivatization has been evaluated
(Boehm et al., 2007; Chong et al., 2006; Gan et al., 2007; Reg-
nier and Julka, 2006; Ross et al., 2004) andmany quantification
studies have been performed with the proteins obtained from
various cell types (Aggarwal et al., 2004; Borner et al., 2006;
Hardt et al., 2005; Lund et al., 2007; Reinders et al., 2006;
Unwin et al., 2006). In 2007,Wiese et al. showed the first intact
protein labeling strategy using iTRAQ (Wiese et al., 2007). The
labeled proteins were separated by SDS-gel electrophoresis
followed by in gel digestion and peptide MS/MS analysis.
The dynamic range of the method was tested with a differ-
entially labeled glucose oxidase in concentration ratios rang-
ing from 1:10 to 10:1, showing an average SD of 12%. In
addition, two protein samples containing five standard pro-
teins at different ratios were differentially labeled with
iTRAQ-115 and iTRAQ-117, respectively, and their SD ob-
served in MALDI-MS/MS was about 10%.
In this study, we have identified and quantified the dy-
namic changes in protein carbonyl content using a unique iron
accumulating Dyfh1 yeast mutant exposed to oxidative stress.
Protein YFH1 is a homologue to the human mitochondrial
protein frataxin (encoded by the chromosomal FRDA gene)
that is responsible for an autosomal recessive neurodegener-
ative disorder, Friedreich’s ataxia (FA), affecting about 1 in
50,000 people (Campuzano et al., 1996). Homology between
yeast and human frataxin suggests that both proteins carry
out fundamental cell functions conserved across different
species (Huynen et al., 2001). Previous yeast studies demon-
strated that the deletion of YFH1 caused an accumulation of
iron inmitochondria (Adamec et al., 2000; Babcock et al., 1997;
Foury and Cazzalini, 1997; Radisky et al., 1999), which is an
essential element in energy metabolism. Above a certain
threshold, however, iron represents a potentially dangerous
constituent in cell function as it reacts with oxygen and hy-
drogen peroxide to produce high levels of ROS that may ir-
reversibly damage cells ( Jeong and David, 2006). Because the
pathways of disease progression are still not completely un-
derstood, it is important to quantify the target proteins af-
fected by OS in different stages to explain the relationship
between OS and disease progression. Carbonylated proteins
were identified and quantified using a newly developed LC-
based labeling method. Oxidized proteins were modified
with biotin hydrazide in an LC-based approach, and isolated
by affinity chromatography using immobilized avidin. The
proteins were then labeled with iTRAQ reagents, separated
on RPLC, digested with Glu-C, and analyzed by MS/MS.
Although gel-based methods have demonstrated promising
results, in-solution digestion is generally less time-
consuming and has better protein coverage than in-gel
digestion (Roe and Griffin, 2006). This simple LC-based
workflow with iTRAQ protein labeling is an effective meth-
odology to remove potential inhibitors of digestion and re-
duce sample complexity, thus enabling simultaneous
quantification of four samples.
Materials and Methods
Ultralink immobilized monomeric avidin, EZ-Link biotin
hydrazides, D-biotin, biotinylated bovine serum albumin
(BSA), bond-Breaker TCEP Solution (500mM stock), and
Slide-A-Lyzer (MWCO¼ 10,000) for dialysis were purchased
from Pierce (Rockford, IL). Standard chemicals, BSA, protease
inhibitor cocktail, and IGEPAL CA-630 were purchased from
Sigma (St. Louis, MO). The iTRAQTM reagents multiplex kit
and proteomic grade trypsin (TPCK treated) were obtained
from Applied Biosystems Inc. (ABI, Foster City, CA). En-
doproteinase Glu-C enzyme was purchased from Roche Di-
agnostics Co. (Indianapolis, IN).
Growth conditions and stress induction
An overnight culture of frataxin homologue deletion strain
Saccharomyces cerevisiae 10546A (Dyfh1 FYMATa ura3-52 HIS3
leu2D1 LYS2 trp1D63 YDL120w (4,531)::kanMX4) (EURO-
SCARF, Germany) was inoculated in 400-mL YEPD media
(1% yeast extract, 2% peptone, 2% glucose) at an OD*50KU
(Klett Unit) and cells were grown at 308C to OD of*160KU.
At this time, 1mL of 8M H2O2 was added (20mM final con-
centration in media), and the culture was shaken for an ad-
ditional 4 h at 308C. For analysis, aliquots of cell culture were
collected just before H2O2 addition (T0), and 1 (T1), 3 (T3), and
4 (T4) h following exposure (Kim et al., 2010).
Biotinylation and enrichment of oxidized proteins
The modified method described by Kim et al. (2010) was
used to isolate oxidized proteins. Cells from the 400-mL cul-
ture were harvested into two 250-mL Beckman centrifuge
tubes by centrifugation (3,000g) for 10min at 48C, washed
twice in cold water, and the combined pellet immediately
resuspended into 50mL conical tubes with equal volumes of
BH Lysis Buffer (5mM biotin hydrazide; 4.5mM NaH2PO4;
49.4mM Na2HPO4; 48.4mM NaCl, 5mM KCl; 20% glycerol:
1% 2-mercaptoethanol, 0.3% IGEPAL CA-630; protease in-
hibitor cocktail; pH 7.4). Cells were disrupted by vortexing
with glass beads (425–600 mm; acid washed; amount equal to
pellet weight) for 1min followed by 1min rest on ice and
repeated five times. The cellular debris was removed by
centrifugation at 20,000g for 30min at 48C. The supernatant
was mixed with an equal volume of R Buffer (30mM sodium
cyanoborohydride; 4.5mM NaH2PO4; 49.4mM Na2HPO4;
48.4mM NaCl, 5mM KCl; pH 7.4) and incubated for 40min
on ice. To remove excess biotin hydrazide and detergent, the
sample was dialyzed against PBS buffer (0.1M sodium
phosphate, 0.15M NaCl, pH 7.4) followed by determination
of the protein concentration with Bio-Rad protein assay kit
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(standard curve was generated using BSA). To isolate bioti-
nylated proteins, a stainless steel column (4.6100mm) was
packed with Ultralinked immobilized monomeric avidin at
100 psi and binding capacity was evaluated using biotiny-
lated BSA. The column was equilibrated with 17-mL PBS
buffer followed by sample injection (30mL with protein
concentration at 2mg/mL) and washing with 17mL of PBS
buffer to remove any unbound proteins. Biotinylated proteins
were then eluted with 17mL of elution buffer (2mM D-biotin
in 50mM PBS). At the end of each run the column was re-
generated with 17mL of 0.1M glycine (pH 2.8) and reequili-
brated with 17mL PBS buffer. Protein elution was monitored
at A280 during the entire run. To remove the excess D-biotin,
fractions containing the biotinylated proteins were pooled
(10mL), dialyzed against 10mM HEPES buffer (pH 8.5), and
stored at 808C.
Labeling of a model protein in protein level
Labeling of standard protein. BSA was dissolved at a
concentration of 1mg/mL in 6M Urea and 0.5M HEPES
buffer (pH 8.5). Aliquots (20mL) were reduced with 2mL of
0.5M TCEP at 378C for 1 h and alkylated with 2mL 0.5M io-
doacetamide by incubating the mixtures at room temperature
in the dark for 30min. The aliquots were then diluted with
16 mL of water and labeled for 2 h with corresponding iTRAQ
reagents (114, 115, 116, or 117) previously diluted in 50mL
ethanol. Reactions were stopped by adding 2mL of 10mM
lysine to each tube and further incubation for 20min at room
temperature. Differentially labeled BSA samples were then
combined into a single tube as needed.
Labeling of biotinylated proteins. Dialyzed samples ob-
tained from affinity chromatography were lyophilized and
resuspended in 100mL 6M Urea (final concentration of the
proteins *5mg/mL). Samples were reduced with 10 mL of
0.5M TCEP at 378C for 1 h, alkylated with 10mL 0.5M io-
doacetamide at room temperature for 30min, and diluted
with 80mL of 6M Urea. Before labeling reaction, iTRAQ re-
agents were diluted with 50mL ethanol, and five tubes of the
same iTRAQ were combined. Samples corresponding to T0,
T1, T3, and T4 were then derivatized by iTRAQ reagent 114,
115, 116, and 117, respectively, for 2 h at room temperature.
Reactions were stopped with 10mL of 10mM lysine followed
by incubation for 20min. Samples were then combined into a
single tube, diluted 10with dilution buffer (8/3M urea in
150mMHEPES) tomaintain ethanol concentration under 10%
and further separated by RPLC.
Reversed-phase chromatography of labeled proteins
Chromatographic separation of the iTRAQ labeled proteins
was carried out on the Agilent 1100HPLC system and POROS
R1 column (4.6100mm; 10-mm particle) (Applied Biosys-
tems, Framingham, MA) using a linear gradient between
solvent A (0.1% TFA in deionized H2O) and solvent B (0.1%
TFA in ACN) at flow rate of 0.7mL/min. After a sample in-
jection (5mL) the column was washed with 3% solvent B for
5min. The column was then eluted with a 35-min gradient
from 5–30% solvent B, followed by a 35-min gradient from 30–
55% solvent B and a 10-min gradient from 55–100% solvent B.
The column was reequilibrated with an isocratic flow (3%
solvent B) for 10min. Concentration of the eluted proteinswas
monitored at A214 and A280. Fractions were collected in 1-min
intervals during the entire chromatographic run and dried
under the vacuum in a speedvac.
Proteolytic digestion
Trypsin digestion in can-dried samples were resuspended
in 50 mL organic digestion buffer (80% ACN; 50mM Tris
buffer, pH7.8; 10mM CaCl2). Trypsin (1mg/fraction) was
added and samples were incubated at 378C for 1 h.
Trypsin digestion in urea/SDS. Similarly dried samples
were redissolved in 50 mL of ammonium bicarbonate buffer
(50mM; pH8.0) containing 0.01% SDS and 1M Urea to assist
digestion. Following solubilization, trypsin (1mg/fraction)
was added for overnight incubation at 378C.
Glu-C digestion in urea/SDS. Protein samples from each
dried fraction were resuspended in 50mL of ammonium bi-
carbonate buffer (50mM; pH8.0) containing 0.01% SDS and
1MUrea, Glu-C (1mg/fraction) was added and samples were
incubated overnight at 258C.
Sample desalting and spotting. Digestion was stopped
with 0.5 mL of 10% Trifluoroacetic acid (TFA), samples were
desalted using ZipTip-C18 (Millipore Co., Billerica, MA) and
directly spotted on a stainless steel 384-well MALDI plate by
mixing with an equal volume of matrix solution (5mg/mL of
a-cyano-4-hydroxy-cinnamic acid in 60% ACN and 0.1%
TFA).
MALDI-MS/MS analysis
MALDI-TOF/TOF data were acquired in MS reflector
positive ion mode using an ABI 4800 Proteomics Analyzer
mass spectrometer (Applied BioSystems). The laser intensity
was set for 3800Hz for MS and 4300Hz for MS/MS acquisi-
tion. Laser shots, 500, were accumulated in MS mode and up
to 2,000 laser shots were accumulated for MS/MS. Spectra
were acquired for amass range of 800–4,000Da. The signal-to-
noise threshold was set at 20 for MS and 10 for MS/MS. Mass
tolerance was set at  0.03 (m/z). The 25 strongest precursor
ions per spot were chosen automatically for MS/MS analysis.
The files acquired on LC-MALDI-TOF/TOFwere analyzed
using ProteinPilot 2.0 software which uses the Pro Group al-
gorithm (Applied Biosystems) for protein identification. The
parameters of the search were as follows: no more than three
tryptic missed cleavages allowed, cysteine searched as car-
bamidomethyl cysteine, 50 ppm peptide tolerance, and 0.3Da
MS/MS mass tolerance. Proteins were identified with mini-
mumvalue 0.7 or 1.3 of unused cutoff for amodel protein, and
2 for carbonylated protein identification. The minimum ac-
ceptance criterion was applied to 95 or 99% confidence level
for model protein or carbonylated proteins, respectively.
Searches were also performed using Mascot protein identifi-
cation software and the NCBI database. The peak lists were
exported using the TS2Mascot application, enabling accurate
iTRAQ quantification, and submitted manually through the
Mascot Web interface. The following parameters were used
in the MASCOT analysis: fixed modification, iTRAQ4plex(K);
variable modification, carbamidomethyl(C), oxidation(M),
iTRAQ4plex(Y), Argbiotinhydrazide(R), Lysbiotinhydrazide
(K), Probiotinhydrazide(P), Thrbiotinhydrazide(T); peptide
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tolerance, 1.2Da; and MS/MS tolerance, 0.6Da. In addition,
theMascot search for proteinmodificationswas applied to the
subdatabase of the proteins identified in ProteinPilot with a
significance threshold of p< 0.05. Identified proteins were
further investigated according to their functions and locali-
zations using MIPS Saccharomyces cerevisiae genome database
(http: //mips.gsf.de/genre/proj/yeast/).
Distribution of carbonylated proteins
Differential centrifugation in combination with 2,4-
dinitrophenylhydrazine derivatization (Maisonneuve et al.,
2008a) was used to determine protein carbonyls content and
distribution of carbonylated proteins. Cell collection and
disruption was performed as previously described (Kim et al.,
2010). Following disintegration, the homogenate was centri-
fuged at 500g for 3min to remove cell debris and unbroken
cells. The supernatant was transferred into a new tube and the
250-mL aliquot removed and stored in 808C until further
analysis [total carbonyl content (TCC)]. The rest of the su-
pernatant was centrifuged at 14,000g for an additional
10min. The supernatant wasmoved to the new centrifugation
tube and the pellet [large protein aggregates (LPA)] was re-
dissolved in 250 mL carbonyl lysis buffer (3.8mM NaH2-
PO4H2O, 49.4mM Na2HPO4H2O, 48.4mM NaCl, 5mM KCl,
20% glycerol, 1% 2-mercaptoethanol, 0.3% IGEPAL CA-630,
‘‘protease inhibitor cocktail’’ from Sigma) and stored in808C
until further analysis. Then the supernatant was centrifuged
at 20,000g for 30min, resulting in soluble proteins (SP) and
small protein aggregates (SPA) fractions in supernatant and
pellet, respectively. Proteins obtained from pellet fractions
were dissolved in carbonyl lysis buffer as described above.
Protein concentration was measured by the Bradford protein
assay (Bio-Rad, Hercules, CA). Finally, 250 mL 12% SDS was
added to TCC, SP, and SPA and LPA samples, mixed with
equal volumes of 2,4-dinitrophenylhydrazine (2,4-DNPH;
10mM in 2N HCl) and concentrations of protein carbonyls
were determined as described by Stadtman and colleagues
(Levine et al., 1990).
Pathway and structural analysis
Metabolic and physiological pathway analysis and com-
parisons were performed using the Web-accessible programs
DAVID version 6.0 (The Database for Annotation, Visuali-
zation and Integrated Discovery) from NIAID/NIH Bioin-
formatics Resources (http://david.abcc.ncifcrf.gov/) (Dennis
et al., 2003) and Kyoto Encyclopedia of Genes and Genomes
(http://www.genome.ad.jp/kegg/) (Kanehisa and Goto,
2000). KEGG pathway maps were identified with a high rel-
evance of the entity to the dataset ( p< 0.05).
Structural data of the proteins were downloaded from
RCSB PDB (Protein Data Bank) (http://www.rcsb.org/pdb/
home/home.do) and extracted using 3D-JIGSAW software
(http://bmm.cancerresearchuk.org/*3djigsaw/). Visuali-
zation of 3D structures, amino acid positions, and distances
were estimated using RASMOL version 2.7.4.2.
Results and Discussion
Evaluation of iTRAQ labeling and LC method
Similar to other posttranslation modifications, the accurate
identification and quantification of oxidized proteins remains
challenging due to their low concentration and the interpre-
tation of complicated fragmentation pattern from the carbo-
nylated peptides (Kim et al., 2010; Regnier and Julka, 2006).
This is particularly true for ‘‘bottom-up’’ approaches in which
proteins are first converted into a mixture of proteolytic
peptides that are then analyzed by LC-MS/MS techniques.
The improvement in protein identification can be achieved
through the separation of intact proteins followed by pro-
teolytic digestion of individual fractions and their analysis
using LC-MS/MS. This technique, however, suffers large
variation and isotope coding has to be implemented for ac-
curate quantification. Recently, a protocol for labeling intact
proteins using commercially available iTRAQ multiplex re-
agents has been published (Wiese et al., 2007). The method is
gel based and the maximum amount of proteins per labeling
reaction is 100mg only for model proteins. Although the
method suggests promise, in-solution digestion is generally
less time-consuming and has better protein coverage than in-
gel digestion (Roe and Griffin, 2006).
For these reasons, we have developed a new iTRAQ de-
rivatization technique coupled with LC fractionation of intact
proteins that allows for labeling up to 100 mg proteins per
reaction and analysis of four samples in a single chromato-
graphic run. One of the major concerns during the develop-
ment process was compatibility of solvents and buffers for
labeling, separation and proteolytic digestion. For example,
protein coding with iTRAQ reagents requires 60% organic
solvent. High organic solvent content, on the other hand, may
interfere with separation of proteins in reversed-phase chro-
matography. Therefore, to reduce concentration of the organic
solvent, the samples must be diluted 10with the dilution
buffer following the labeling reaction. Another problem was
solubilization of fractionated and dried proteins for proteo-
lytic digestion. Traditionally, ammonium bicarbonate buffer
containing 1M urea was insufficient to redissolve the proteins
and 0.01% SDS had to be added. An alternative, and very
attractive solution to the problem, was the tryptic digestion in
buffer containing 80% ACN, 20% of 50mM Tris buffer (pH
7.8), and 10mM CaCl2 as described by Hurst et al. (Strader
et al., 2006). This would allow for proteolysis directly in the
collected fractions and eliminate the drying step. Both meth-
ods were evaluated using iTRAQ labeled BSA as a model
protein. Two aliquots of BSA standard solution were labeled
with iTRAQ reagent 116 and 117, mixed in 1:1 ratio, and split
in half. Samples were then dried, resuspended in either urea
or can-based buffer, and digested with trypsin. Both samples
were directly placed on a MALDI plate and analyzed by
MALDI-MS/MS. A representative MS and MS/MS spectra
are shown in Supplementary Figure S1. The ratios of all iso-
topic pairs were calculated from the peak area in the MALDI-
MS/MS spectrum and averaged. The average ratios (n¼ 6)
and SD observed in ACN and urea-based digestion buffers
were 1.01 0.05 SD and 1.03 0.04 SD, respectively, indicat-
ing a high experimental accuracy. The average sequence
coverages of BSA protein (% amino acids sequence covered by
identified peptides) obtained by peptide mass mapping were
16.4% and 15.5% using can- and urea-based digestion, re-
spectively. Overall there were no significant differences be-
tween organic and aqueous buffers.
Labeling efficiency was evaluated by visual inspection of
MS spectra. The ratio between the unlabeled and the labeled
peptides was determined as 0.03 and potential derivatiza-
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tion of Tyr residues was estimated to be 10% out of total
identified peptides. Based on these results, it was concluded
that the labeling efficacy was satisfactory and did not com-
promise the overall quantification (Asara et al., 2006). In ad-
dition, no unlabeled lysine containing peptides were
observed.
BSA standard labeled with iTRAQ reagent 116 and 117 and
mixed in 1:1 ratio was also used to examine the reproduc-
ibility of LC fractionation. The average ratio among labeled
peptides was 0.97 0.042 (n¼ 3). Interestingly, two more
peptides were identified with addition of the reversed-phase
chromatography step (Table 1) that increased the coverage to
21.95%. This may be attributed to the elimination of com-
pounds that potentially interfere with trypsin digestion or to a
decrease in sample complexity and better ionization. Most
peptides were detected within three fractions and the total
number of unique peptides (average 11) and lysine containing
peptides (average 8) identified from all fractions were similar
to those obtained without LC run (10 and 7, respectively).
Protein identification and quantification in Dyfh1 strain
exposed to H2O2
In our previous study (Kim et al., 2010), we investigated the
differences in carbonyl content of Saccharomyces cerevisiae
wild-type and Dyfh1 mutant strains exposed to oxidative
stress. Mutant initially had a significant increase in growth
relative to the wild type followed by a decline in growth 4 h
following H2O2 addition. Both the carbonyls and ROS levels
reached their maximum at 3 h, whereas the viability of the
mutant cells significantly decreased after 4 h following H2O2
treatment. Compared to the wild type, mutant cells exhibited
a significant increase in growth. This can be explained by the
fact that the Dyfh1 strain is already adapted to OS as the cells
are experiencing higher levels of OS prior to H2O2 addition. In
addition, the cells are diluting the damaged biomolecules by
accelerated division. However, 4 h following exposure, the
Dyfh1 strain reach a ‘‘no return’’ point at which the cells
cannot defend themselves and die.
To elucidate the dynamics of this process, mutant cells were
grown in YEPD media at 308C to OD of*160KU, H2O2 was
added and TCCwas determined before (T0,) and 1 (T1), 3 (T3),
and 4 (T4) h following exposure (Kim et al., 2010). Both the
standard curve andTCC levelswere consistentwith previously
published data (Kim et al., 2010) (Fig. 1). The same time points
were also used to identify and quantify the specific oxidatively
damaged proteins. The unique properties of iTRAQ reagents
allow simultaneous analysis of four different samples. Prior to
mixing, samples are first labeled individually with corre-
sponding iTRAQ tags that have an exclusive reporter group
exhibiting a specific peak uponMS/MS, and then analyzed a in
single chromatographic run. This approach minimizes techni-
cal variation as all samples are treated exactly the same during
the separation and digestion steps. Figure 2 shows a strategy
implemented for determination of oxidized proteins in the
Dyfh1 strain exposed to H2O2. The carbonylated proteins from
individual samples were first biotinylated with biotinhy-
drazide and then isolated using avidin affinity selection. To
increase the protein amount for analysis, this stepwas repeated
twice for each time point and corresponding fractions were
combined prior to iTRAQ labeling. Interestingly, the peak areas
representing biotinylated proteins obtained from T0, T1, T3,
and T4 were similar and do not follow TCC patterns. This
suggests that part of the carbonylated proteins is soluble while
the rest may be aggregated into the partially soluble or insol-
uble aggregates. Another explanation could be that multiple
carbonylation appears on the same proteins during exposure.
This would lead to the increase of TCC levels (Fig. 1) while
maintaining a similar concentration of affected proteins. Fol-
lowing the affinity selection, samples from T0, T1, T3, and T4
were derivatized with iTRAQ reagents 114, 115, 116, and 117,
respectively, combined, and proteins separated onRPLC. Forty
fractions were collected and subjected to proteolytic digestion.
Although the original protocol was developed for trypsin, we
have experienced difficulty in MS/MS identification of oxi-
dized proteins using this enzyme. This is because lysine resi-
dues are either labeled with iTRAQ reagent or potentially
modified by oxidation and biotinylated. Digestion of such
Table 1. Comparison of Predicted and Observed BSA Peptides
Position of
cleavage site Peptide sequences
Without
LC
With
LC Observed modifications
19 MKWVTFISLLLLFSSAYSR –  –
34 DTHKSEIAHR – – –
122 ETYGDMADCCEKQEPER   Carbamidomethyl [9,10],Lysine(K)_iTRAQ[12]
  Carbamidomethyl (C)[9,10],Lysine(K)_iTRAQ[12],
Tyrosine_iTRAQ(var)[3]
218 EKVLASSAR   Lysine(K)_iTRAQ[2]
232 CASIQKFGER   Carbamidomethyl (C)[1], Lysine(K)_iTRAQ[6]
241 ALKAWSVAR   Lysine(K)_iTRAQ[3]
371 (R)HPEYAVSVLLR   –
  Tyrosine_iTRAQ(var)[5]
451 KVPQVSTPTLVEVSR   Lysine(K)_iTRAQ[1]
459 SLGKVGTR   Lysine(K)_iTRAQ[4]
468 CCTKPESER   Carbamidomethyl (C)[1,2],Lysine(K)_iTRAQ[4]
482 MPCTEDYLSLILNR   Carbamidomethyl (C)[3]
  Carbamidomethyl (C)[3], Oxidation (M) [1]
  Carbamidomethyl (C)[3], Tyrosine_iTRAQ [7]
507 LCVLHEKTPVSEKVTKCCTESLVNR –  Carbamidomethyl (C)[2,17,18],Lysine(K)_iTRAQ[7,13,16]
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proteins generates relatively large peptides with complicated
fragmentation patterns. Therefore, another enzyme, Glu-C
recognizing either glutamic acid (E) or aspartic acid (D) resi-
dues, was tested and found to be compatible with the urea/
SDS buffer (no change in Glu-C activity was found using urea/
SDS digestion protocol). Individual fractions were digested
with Glu-C, spotted on the plate, and analyzed by a MALDI-
TOF-TOF mass spectrometer. A total of 31 proteins were
identified with 99% peptide confidence and unused cutoff
value of 2 using ProteinPilot software (Supplementary Table
S1). Of those, 27 proteins were quantified (Supplementary
Table S1) and the abundance expressed as a fold change rela-
tive to T0 (iTRAQ 114). The changes in carbonylation of rep-
resentative proteins are shown in Figure 3. Overall, three
patterns were found including proteins with either gradually
increasing, constant, or decreasing levels of damage. An in-
crease in protein damage was expected, and it is consistent
with the increasing carbonylation levels observed during ex-
posure (Fig. 1). Proteins with a constant level probably reflect a
dynamic balance between the translation of unaffected pro-
teins, oxidation, and degradation of the damaged proteins. The
most interesting group is represented by a decrease in the
concentration of oxidized proteins following exposure. One
explanation could be that the damaged proteins are degraded
and gradually replacedwith unaffected ones.Alternatively, the
results may also suggest a possibility of aggregation of carbo-
nylated protein. In this case, the proteins are oxidized on
multiple sites, which leads to changes in quaternary structures
and assembly into the large aggregates. This theory is also
supported by the experiment in which the distribution of car-
bonylation between soluble proteins, and proteins associated
in small and large aggregates was measured. As indicated in
Figure 4, carbonylation of large protein aggregates gradually
increases with time, while the levels of oxidation in SP and SPA
reach the maximum at the third hour after exposure and then
decrease. In recent studies of oxidized proteins using Escher-
ichia coli and 2D-ELFO (2D Electrophoresis) analysis, most of
the soluble carbonylated proteins were also found in an ag-
gregate state. In addition the total amount of these proteins
remains at similar levels during growth arrest (Maisonneuve
et al., 2008a, 2008b).
Protein classification and pathway analysis
In order to elucidate potential pathways affected by iron-
mediated oxidative stress in the mutant strain, identified
proteinswere analyzed by their function and location through
DAVID and KEGG pathway analysis software. These pro-
teins were associated with various cellular functions includ-
ing metabolism (32.3%), transcription (9.7%), cell defense/
transport/folding (38.7%), and protein synthesis (16.1%)
(Supplementary Table S2). The majority of the proteins were
involved in energy metabolism and the cellular defense. As
suggested by Irazusta et al. (2008), the main targets of oxi-
FIG. 1. Growth and total carbonyl content (TCC) of the
(yfh1 strain exposed to oxidative stress. Solid and dotted
graphs represent growth curves of the (yfh1 strain without
and with H2O2 addition, respectively. After cell disruption
followed by cell debris removal, TCC levels (bar graph) in
the cell lysate were measured before (T0) and 1 (T1), 3 (T3),
and 4 (T4) h following H2O2 addition. TCC levels were de-
fined as total carbonyl amount (nmoles) divided by total
protein amount (mg) in the cell lysate. Arrows indicate the
sampling time.
FIG. 2. Strategy for determination of carbonylated proteins
in the Dyfh1 strain exposed to H2O2. After cell disruption
followed by centrifugation at 20,000g for 30min, SP (solu-
ble proteins) at each time point T0, T1, T3, and T4 were
biotinylated using 5mM biotinhydrazide, respectively. Then,
carbonylated proteins were selected by using avidin affinity
column. Proteins from individual time points were labeled
with different iTRAQ labeling reagents, combined, and
separated using reversed-phase chromatography. Collected
fractions were digested and analyzed by MALDI-TOF-TOF.
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dative damage represent metal binding proteins that are re-
lated to glycolysis, such as enolase (ENO2), pyruvate kinase
(CDC19), and pyruvate decarboxylase (PDC1). We observed
eight carbonylated proteins associated with glycolysis, and it
was also the most affected pathway with p-value¼ 3.7106
(Fig. 5). Interestingly, we found many proteins such as heat
shock protein (SSC1), ketol-acid reductoisomerase (ILV5),
spermidine synthase (SPE3), or superoxide dismutase (SOD1)
(Supplementary Table S2). These proteins are well known to
play a key role in increased tolerance to oxidative stress by
maintaining cellular redox balance, and by protecting or re-
pairing other proteins. One of the explanation could be that
the significant decrease in viability of the mutant cells ob-
served 4 h following H2O2 treatment may be caused by a drop
in energy production and reducing power of the cells due to
the damage of glycolytic enzymes and by insufficient enzy-
matic support to protein protection and regeneration. This
may also explain accelerated growth at the early stages of
exposure. Because the Dyfh1 strain experiences higher levels
of stress prior to H2O2 addition (Kim et al., 2010), we can
expect a decrease in activities of antioxidant defense enzymes
due to their carbonylation. This, in turn, leads to protein ag-
gregation. In order to restore the free radical/antioxidant
balance, cells then have to dilute the damage by accelerating
division which, however, is limited by energy production and
results in cellular death.
FIG. 3. Time profiles of representative carbonylated proteins. The individual ratios were calculated from three protein
labeling experiments. The p-values 0.05 represent a statistically significant differences.
PROTEIN OXIDATION IN IRON ACCUMULATING YEAST MODEL 695
Determination of oxidation sites
Although a few cases of successfully identified oxidation
sites have been reported (Chavez et al., 2006; Mirzaei and
Regnier, 2005), an accurate determination of oxidized amino
acid residues in affected proteins remains challenging ( Jen-
sen, 2004; Mann and Jensen, 2003) due to the complicated
interpretation of MS/MS spectra. In this study we were able
to identify the oxidation sites in seven proteins (Table 2). Al-
though most of the carbonylation occurs on the random sites,
it has been also reported that carbonylation can be site specific
causing functional changes of enzymes (Cabiscol et al., 2000)
and aggregation of structural proteins (Irazusta et al., 2008).
To estimate the position of oxidation sites and a potential
impact on the protein activity, predicted 3D structures of
peroxiredoxin (TSA1) and thioredoxin II (TRX2) were visu-
alized and analyzed through the Web-based PDB viewer
RASMOL and comparative modeling software, 3D-JIGSAW
(Fig. 6). Peroxiredoxin is an important enzyme involved in
detoxification of H2O2. In yeast, a reduced form of cysteine in
position 48 is oxidized by H2O2 and rapidly reacts with re-
duced cysteine in position 171 of another subunit to form an
intermolecular disulfide ( Jara et al., 2007). All three oxidized
amino acid residues (74T, 83W, 99P) of peroxiredoxin iden-
tified in our study revealed close proximity to the 48C sug-
FIG. 4. Distribution of carbonyl content. The carbonyls
were assessed in SP (soluble proteins), SPA (small protein
aggregates), and LPA (large protein aggregates) fraction
before (T0) and 1 (T1), 3 (T3), and 4 (T4) h following H2O2
addition. Fractions SP, SPA, and LPA were generated by
centrifugation as described in the text. Carbonyl content and
protein concentration were determined by 2,4-dini-
trophenylhydrazine reaction and Bradford protein assay,
respectively.
FIG. 5. Oxidized proteins involved in glycolysis. Affected proteins are indicated in red color. The detailed information for
gene names and functions are summarized in Supplementary Table S2.
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gesting that they may interfere with peroxiredoxin activity.
Similarly, two oxidation sites (35K and 36M) found close to
the active sites (31C and 34C) of thioredoxin may have an
effect on activity (Fig. 6B).
Conclusions
Protein oxidation was investigated in an iron accumulating
Dyfh1 yeast strain using biotinhydrazide–avidin affinity se-
lection of carbonylated proteins and isotope coding quantifi-
cation method. Results indicated that the affected proteins
were primarily involved in glycolysis and cellular defense
system. The position of oxidized amino acid residues close to
active sites implicated a direct impact on protein function.
One possible conclusion is that the decrease in viability of the
mutant cells could be caused by drop in energy production/
reducing power of the cells by unsatisfactory enzymatic
support to protein protection and regeneration. It is important
Table 2. Oxidation Sites of Representative Proteins
Protein
pilot
confidence
Accession Names
Length
(a.a.)
[Mascot
Score] Sequences
Oxidation
sites
P02994|EF1A_YEAST Elongation factor
1-alpha
458 99 RGITIDIALWKFE 80F
99 TVPFVPISGWNGDNMIE 199M
98 AFSEYPPLGRF 413F
[9] KRTIE 37R
[20] AIDAIEQPSRPTDKPLRLPLQD 242K
P34760|TSA1_YEAST Peroxiredoxin
TSA1
196 99 YSLLAWTNIPRKE 83W
[11] GGLGPINIPLLADTNHSLSRDYGVLIE 99P
[10] QGAQVLFASTD 74T
P06169|PDC1_YEAST Pyruvate
decarboxylase
isozyme 1
563 99 IMLPVFDAPQNLVE 539M
[101] IMLPVFDAPQNLVE 539M
P07284|SYSC_YEAST Seryl-tRNA
synthetase
462 [6] WVKTRFELDELNKKFNKLQKD 44K, 45T,
58K,61K
[8] KKYVHCLNSTLAATQRALCCILE 410R
P09436 |SYIC_YEAST Isoleucyl-tRNA
synthetase
1072 [11] IVPRYATMTGHHVE 68P, 73M, 74T
P10592|HSP72_YEAST Heat shock
protein SSA2
639 [7] RAKRTLSSSAQTSVEIDSLFEGID 269R
P22803|TRX2_YEAST Thioredoxin
II(Thioredoxin1)
104 [7] KLVVVDFFATWCGPCKMIAPMIE 20K, 35K,
36M
FIG. 6. Predicted 3D structure of peroxiredoxin TSA1 (A) and thioredoxin II TRX2 (B). Boxed amino acids represent active
sites of enzymes. Nonboxed amino acids indicate identified oxidation sites. The 3D structures were obtained using 3D-
JIGSAW software and visualized with RASMOL version 2.7.4.2.
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to note, however, that the method described in this article
quantifies soluble proteins only. To fully understand the dy-
namics of the process, other approaches covering protein
degradation and aggregation must be developed and im-
plemented.
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